Eukaryotic transcriptional regulatory signals, defined as core and activator promoter elements, have yet to be identified in the earliest diverging group of eukaryotes, the primitive protozoans, which include the Trypanosomatidae family of parasites. The divergence within this family is highlighted by the apparent absence of the "universal" transcription factor TATA-binding protein. To understand gene expression in these protists, we have investigated spliced leader RNA gene transcription. The RNA product of this gene provides an m 7 G cap and a 39-nucleotide leader sequence to all cellular mRNAs via a trans-splicing reaction. Regulation of spliced leader RNA synthesis is controlled by a tripartite promoter located exclusively upstream from the transcription start site. Proteins PBP-1 and PBP-2 bind to two of the three promoter elements in the trypanosomatid Leptomonas seymouri. They represent the first trypanosome transcription factors with typical doublestranded DNA binding site recognition. These proteins ensure efficient transcription. However, accurate initiation is determined an initiator element with a a loose consensus of CYAC/AYR (؉1), which differs from that found in metazoan initiator elements as well as from that identified in one of the earliest diverging protozoans, Trichomonas vaginalis. Trypanosomes may utilize initiator element-protein interactions, and not TATA sequence-TATA-binding protein interactions, to direct proper transcription initiation by RNA polymerase II.
are fused in a trans-splicing reaction that yields a functional mRNA. During fusion, the 39 nt present on the 5Ј-end of the SL RNA (and referred to as the SL) are transferred to a region upstream from the coding region on the primary mRNA (2) . Addition of the SL provides each mRNA with an m 7 G cap as well as four extensively methylated nucleotides, at positions 1-4 within the 39-nt SL RNA (3) .
The SL RNA is transcribed from a highly reiterated set of genes. In contrast to the long primary transcripts that form the bulk of the mature mRNA, each SL RNA has a discrete transcriptional start site. ␣-Amanitin studies show that it is very probable, though not proven, that the SL RNA gene is transcribed by RNA polymerase (pol) II. The primary SL RNA transcript and the transcript present in the trans-splicing spliceosome possess identical 5Ј-and 3Ј-ends, indicating that both transcription initiation and termination regulate the accumulation of SL RNA. SL RNA expression has been monitored using independent, tagged gene copies positioned on selectable shuttle vectors that are stably maintained in various trypanosomatids (4 -6) . In the simple trypanosomatid Leptomonas seymouri, a 95-bp region upstream of the SL RNA intragenic region followed by 70 bp of downstream sequence is sufficient to produce properly initiated and terminated SL RNA (7) . These results have been recapitulated in vitro using homologous parasite nuclear extracts (8) .
Unusual promoter architecture in this group of primitive eukaryotes, compared with typical metazoans, appears to be the rule. The U6 small nuclear (sn) RNA gene promoter contains three elements: one located within the 5Ј-portion of the intragenic region and two located within an upstream, but inversely oriented, tRNA gene. The two intragenic tRNA promoter elements, called A and B boxes, cofunction in both U6 and tRNA expression (9) . Two abundant cell surface proteins in the African trypanosome Trypanosoma brucei are encoded by genes with promoter elements that resemble RNA pol I promoters in both structure and ␣-amanitin resistance. Aside from these two protein coding genes in T. brucei, all other trypanosomatid mRNAs are ␣-amanitin-sensitive and thus transcribed by RNA pol II (for review, see Refs. 10 and 11). Transcriptional start sites for primary mRNAs have been extremely difficult to detect. Two putative promoter regions were tentatively defined as transcriptionally void regions upstream from the highly transcribed actin and HSP 70 genes (12, 13) . However, placement of these sequences upstream from a luciferase coding region did not yield even modest levels of reporter gene activity (14) . Moreover, in the absence of any putative trypanosome promoter regions, Escherichia coli pBR 322-derived sequences drive expression of reporter genes, such as the chloramphenicol acetyltransferase gene. Models to explain these findings suggest that RNA pol II may not be recruited to specific promoter sites to initiate mRNA synthesis. Addition of an SL to these jagged mRNA 5Ј-ends would polish them as mRNAs mature into translatable units.
We present a detailed transcriptional analysis of the SL RNA gene promoter using an in vitro transcription system that faithfully recapitulates in vivo transcription. In a dearth of any previously defined trypanosome transcription factors, PBP-1 and PBP-2 (15) , which are sequence-specific DNA-binding proteins initially identified in our laboratory, emerge as the first proteins that function to promote efficient SL RNA transcription. These studies also reveal that correct 5Ј-end formation of the SL RNA, which is crucial to proper capping of the SL, is dependent on the presence of a 5-bp element, the trypanosome initiator (Inr t ). Finally, we provide evidence for a trans-acting factor necessary for transcription which binds the Inr t .
EXPERIMENTAL PROCEDURES
Protein-L. seymouri (ATCC 30220) was grown in Trypanosoma mega medium (16) at 28°C to log phase. Cells were harvested by centrifugation (3,900 ϫ g, 20 min, 4°C) and washed twice with buffer 1 (20 mM Tris-HCl, pH 7.4, 100 mM NaCl, 3 mM MgCl 2 ) (7). All of the following steps were performed at 4°C. The cell pellet was resuspended in 1 packed cell volume of buffer 2 (10 mM HEPES-KOH, pH 7.9, 150 mM sucrose, 2.5 mM MgCl 2 , 1 mM EDTA, 2.5 mM dithiothreitol, 1 mM leupeptin) containing 20 mM potassium glutamate. After swelling cells on ice (10 min), they were Dounce homogenized (size A pestle) until disrupted. After centrifugation, the nuclear pellet was resuspended in 5 packed cell volumes of buffer 2 at 20 mM potassium glutamate, and 1 packed cell volume of (NH 4 ) 2 SO 4 (4.1 M) was add dropwise. The extract was cleared by ultracentrifugation (100,000 ϫ g, 35 min, 4°C). The supernatant was fractionated using solid (NH 4 ) 2 SO 4 (0.33 g/ml of solution). 1 N NaOH (0.1 ml/10 g solid (NH 4 ) 2 SO 4 ) was added to maintain the pH. The precipitate was collected by centrifugation (15,000 ϫ g, 20 min, 4°C) and resuspended with 0.10 volume of the high speed supernatant with buffer 2 at 20 mM potassium glutamate and dialyzed against this buffer. The dialysate was cleared by centrifugation (10,000 ϫ g, 20 min, 4°C), and aliquots were stored at Ϫ70°C. The nuclear extract protein concentration was 5-10 mg/ml.
The P400 fraction was prepared by dialyzing the nuclear extract (ϳ100 mg of protein) against buffer 2 at 50 mM potassium glutamate and loading onto a 5-ml phosphocellulose (P-11, Whatman) column as described (15) . Proteins were eluted using a step gradient (200, 400, 600 mM potassium glutamate) in buffer 2. The P400 fraction alone was competent for transcription. It was concentrated using the same (NH 4 ) 2 SO 4 precipitate method described above for the nuclear extract preparation. The final protein concentration of P400 was ϳ5 mg/ml.
The specific DNA affinity-purified PBP-1 and PBP-2 proteins were prepared as described previously (15) and dialyzed against buffer 2 at 20 mM potassium glutamate (the final protein concentration was ϳ1.6 mg/ml) before addition to the transcription reaction. For the sequestration experiments, the acetylated bovine serum albumin was from New England BioLabs, Inc.
DNA Constructs-In all SL RNA gene-containing templates, a tag was present in the coding region between ϩ48 and ϩ69 nt. The sequence of the 10-nt substitutions between Ϫ1 to Ϫ90 nt of the upstream region of the SL RNA gene has been published (7) . In each case, the substitutions were nucleotide transversions.
The linear DNA templates (wild type (wt)) and 10-nt substitution derivatives) were synthesized from their corresponding plasmids using PCR and primers VB 71 (corresponds to the Ϫ73/91 nt upstream region of the promoter) and VB 72 (complements the ϩ197/215 nt downstream region of the SL RNA gene).
All other mutated linear templates were synthesized by recombinant PCR. Every DNA was sequenced to confirm base alterations. Mutated sequences are shown in Figs. 1 and 5.
All competitors were double-stranded DNAs. PBP-1E/2E was a 66-nt (Ϫ17/82 nt) DNA; PBP-1E was a 42-nt (Ϫ41/83 nt) DNA, and PBP-2E was a 34-nt (Ϫ17/50 nt) DNA. Inr t was a 66-nt DNA (5Ј-TCTAGAAC-TAGTGGATCCGGGCACCTCGAGACCCTACCATCAAGCTTATCGA-TACCGTCGACCTCG-3Ј) which included the Ϫ1/20 nt promoter region of SL RNA gene surrounded by part of pBluescript SK II (pBS) polylinker region sequence (Stratagene). The first three DNAs were made by annealing complementary oligonucleotides. The Inr t substrate was amplified by PCR using the top strand as template and SK and KS primers from pBS. The U6 snRNA gene was tagged by insertion of a 21-nt sequence between nt ϩ71/72 by using the wt U6 snRNA gene (a gift from Albrecht Bindereif) and the primers VB 195 (Ϫ150/169 nt; 5Ј-CACTCCTACCTGGACTCGAA-3Ј) and VB 247 (ϩ58/71 nt; the tag sequence is underlined; 5Ј-GCTTCAGGGATCCAAGTAAGCGCCTT-GCGCAGGGAG-3Ј) to amplify the Ϫ169 to ϩ71 nt region and the primers VB 248 (ϩ72/86 nt; the tag sequence is underlined; 5Ј-GCTT-CATTGGATCCCTGAAGCTGATGTCAATCTTCG-3Ј) and VB 249 (ϩ86/106 nt; 5Ј-CGGCGAAAAGCTATATCTCTC-3Ј) to amplify the ϩ72 to ϩ106 nt sequence of the U6 snRNA gene. The recombinant product was obtained by denaturing and annealing the two PCR products and amplifying the 296-nt product with the VB 195 and VB 249 primers. This 296-nt tagged U6 snRNA gene was cloned into the EcoRV-digested pBS and referred to as pHL-U6.
In Vitro Transcription and Primer Extension Analyses-The standard reactions were conducted in 50-l volume in a buffer containing 10 -20 l of nuclear extract (protein concentration was 5-10 mg/ml), 1 pmol of circular plasmid DNA or 2 pmol of linear DNA, 20 mM potassium glutamate, 3 mM MgCl 2 , 10 mM HEPES-KOH, pH 7.9, 1 mM dithiothreitol, 3% polyethylene glycol 8000, 20 mM creatine phosphate, 0.48 mg/ml creatine kinase, 1 mM leupeptin, 40 units of porcine RNase inhibitor, 2 mM ATP, 0.8 mM CTP, 0.8 mM GTP, and 0.8 mM UTP. The reactions were incubated for 30 min at 28°C and terminated by adding 400 l of stop buffer (5 mM HEPES-KOH, pH 7.9, 5 mM EDTA, 0.5% SDS, 0.3 M sodium acetate, and 5 g of tRNA). Protein was extracted with 400 l of RNase-free phenol/chloroform/isoamyl alcohol (25:24:1). The RNA was precipitated with ethanol. The pellet was resuspended in 20 l of primer extension buffer (Promega). To sequester PBP-1 and PBP-2 proteins, a 5-fold molar excess of 66 bp of PBP-1E/2E DNA, relative to the template DNA, was added to the P400 fraction.
Primer extension reactions were performed using reagents and protocols obtained from Promega. RNA and 70 fmol of 32 P-labeled primer VB 207 (5Ј-GCTTCAGG GATCCAAGTAAGC-3Ј) were mixed and heated (5 min, 75°C) and cooled slowly to 40°C; 1 unit of avian myeloblastosis virus reverse transcriptase was added, and the annealed primer was extended at 40°C for 30 min. The products were denatured in 90% formamide (90°C, 10 min) and applied to a 10% polyacrylamide denaturing (7 M urea) gel.
To ensure that quantitation of primer extension products reflected true differences in transcription efficiencies and not experimental variation, an internal control was added to each reaction. Specifically, the tagged U6 snRNA gene described above was included in each SL RNA transcription reaction. Because this gene contained the same tag as the SL RNA gene templates, the U6 snRNA and SL RNA transcripts were specifically hybridized and reverse transcribed using the same primer. The tag was inserted in the U6 snRNA gene in a position such that the primer extension product from the U6 snRNA gene was 22 nt longer than that from the SL RNA gene. Each product was quantitated by PhosphorImager analysis of dried gels. The ratio of the primer extension products from the U6 snRNA and wt SL RNA product was set as 1. The amount of primer extension product from each variant SL RNA gene template was compared with the U6-derived product within each reaction and expressed as a number relative to wt SL RNA transcription.
RNase Protection Assays-The Ambion RPAII kit was used for the RNase protection assay (Ambion). To obtain a DNA template for the production of the specific riboprobe, a PCR was performed using the plasmid pDEH3, which contains the SL RNA gene, and two SL RNAspecific primers. The sense primer, VB 331, starts at nt ϩ38 of the SL RNA gene; the antisense primer, VB 330, starts at nt ϩ196 and has the T7 promoter at its 5Ј-end to allow for labeling by in vitro transcription with T7 polymerase. T7 RNA polymerase-dependent transcription produced a [␣ 32 P]UTP-labeled 176-nt riboprobe that could protect 81 nt of the in vitro transcribed tagged SL RNA and 51 nt of the endogenous SL RNA. Trypanosome in vitro transcriptions were performed as described (8) , and RNA was precipitated and resuspended in 20 l of solution A (from the Ambion RPAII kit) with 5 ϫ 10 4 cpm of riboprobe. The RNAs were hybridized overnight at 42°C, single-stranded regions were digested using RNase T1 and A, and the resultant RNA was precipitated with ethanol and resuspended in formamide loading buffer. Samples were electrophoresed on a 10% polyacrylamide-urea gel in 1 ϫ TBE, and results were visualized using PhosphorImager analysis.
RESULTS

In Vitro Transcription Analyses Identify Promoter Element
Function in SL RNA Transcription-Our investigation of a tractable gene promoter in these ancient eukaryotic protists have established that the SL RNA gene promoter lies within the proximal ϳ100 nt upstream of the transcription start site (see Fig. 1 ) (6, 7, 17, 18) . In vivo promoter analysis has revealed a tripartite promoter architecture (7, 17) . However, the limiting component of in vivo analyses is that promoter mutations that produced inaccurately initiated SL RNA, which would turn over rapidly, could not be distinguished from mutations that down-regulated transcription. To investigate the role each promoter element contributes to the transcriptional process, homologous nuclear extracts were produced which could initiate transcription accurately on DNA templates containing the upstream proximal 100 nt adjacent to a guanosine-less coding sequence (G-less cassette) (8) . The L. seymouri in vitro transcription extracts contain few RNA-processing enzymes and thus directly assay transcription independently of other nuclear activities. In a recent modification of these assays, shown here, the exogenous SL RNA gene template possesses a 19-nt tag that is transcribed as part of the SL RNA (see "Experimental Procedures" and Ref. 8) . RNAs are detected by primer extension reactions using the complement of the tag sequence as the radiolabeled primer. Fig. 2A , lane 1, demonstrates that the SL RNA gene was transcribed in vitro to produce an accurately initiated SL RNA. Detailed transcriptional analysis of mutated templates, drawn schematically below the data, revealed that the two upstream elements (PBP-1E and PBP-2E) of the core SL RNA gene promoter were necessary for efficient transcription. However, these mutations did not effect RNA start site selection ( Fig. 2A, lanes 4, 5, 7, and 8 ). This was surprising because an analogy between snRNA gene promoters in higher eukaryotes and the SL RNA gene promoter would have predicted that PBP-1 and or PBP-2 would be directly responsible for determining transcriptional start sites (19) . Unexpectedly, a 10-nt mutation of the third core element, which resides at Ϫ1/10 nt, completely abolished proper transcription initiation (lane 2). The in vivo phenotype had been a loss of detectable SL RNA. Clearly, the effect of improperly initiated SL RNAs resulted in their rapid turnover to produce a null phenotype for the Ϫ1/10 mutant in vivo.
Because the sub Ϫ1/10 mutation produced transcripts that initiated at multiple sites, we deemed it interesting to assess if correct 3Ј-end formation had been affected similarly. An RNase protection assay was performed on in vitro transcripts using an antisense riboprobe that would recognize SL RNA sequences from nt ϩ38 to nt ϩ196 (Fig. 2B, schematic) . The 3Ј-end of in vivo synthesized RNAs maps immediately upstream of the T stretch beginning at nt ϩ99. Accordingly, the endogenous SL RNAs present within the nuclear extract protected a fragment of 51 nt (Fig. 2B) . Correctly terminated and/or 3Ј-end processing in vitro transcribed SL RNAs would protect a larger, 81-nt fragment because of the presence of the internal 19 nt tag. The 81-nt RNA shown in Fig. 2B demonstrated that the 3Ј-end of the SL RNA, transcribed from a wt SL RNA gene template, was properly generated in vitro. Interestingly, the 3Ј-end of the SL RNA transcribed from the sub Ϫ1/10 DNA template was also correctly formed. Previous in vivo analysis of SL RNAs by Northern blot analysis is consistent with this finding (7) . The significant reduction of the 81-nt product in the right lane (sub Ϫ1/10) compared with the left lane (wt) was consistent with the overall reduction in transcription levels from the mutant template. The 51-nt internal control band (which represents the endogenous RNA) demonstrated that equal amounts of total RNA were included in each RNase protection assay. These results demonstrate the requirement for the Ϫ1/10 nt region exclusively in transcription start site selection and not in transcription termination of the SL RNA gene. The Critical Region of the Inr t Is a Consensus CYA C/A YR(ϩ1) Sequence-In the absence of a TATA box to direct start site selection in any of the known, albeit few, characterized trypanosome gene promoters, we tested whether that downstream-most element within the tripartite promoter of the SL RNA gene contributed directly to accurate RNA initiation (20) . A growing collection of higher eukaryotic and yeast genes relies on an Inr element, often without a nearby TATA sequence, for directing proper initiation (21) (22) (23) (24) (25) . As a result of the data shown in Fig. 2A, lane 2 , the downstream-most element maintains functional homology to the metazoan Inr and is now referred to as a trypanosome Inr, or Inr t . However, a sequence comparison between the metazoan Inr and Inr t shows a distinct difference. In metazoans, a loose consensus exists of YYA(ϩ1)NT/AYY in which it is crucial for the ϩ3 position to be an A or T for optimal Inr activity (26) . A data base survey of the sequence that flanks SL RNA transcription start sites in related Trypanosomatidae reveals a consensus YYHBYA-(ϩ1)ACT in which the C (ϩ3) is invariant. Hence, the A/T (ϩ3) found in metazoans is absent in trypanosomatids. Because of this distinguishing difference between trypanosome and metazoan Inr, it is appropriate to refer the trypanosome Inr as Inr t .
To delineate the boundaries of the Inr t element, mutations were introduced in and around the Ϫ1/10 nt region (5Ј-AGACCCTACCA(ϩ1)ACT-3Ј) of the SL RNA promoter. Initially, each half of the 10 nt region was mutated separately, and mutant templates were used to program nuclear extracts. Fig. 3, lanes 2-4, illustrates the transcription results. Mutation of the Ϫ6/10 nt region caused 36% of the transcripts to initiate at the Ϫ3 position (lane 4). A comparison of the sequence with the consensus YTHBYA(ϩ1)ACT Inr t showed that a new Inr t had been generated by the substitution of the -6/10 nt region (see Fig. 5 ). Specifically, the wt sequence from Ϫ1/10, which is AGACCCTACCA(ϩ1), had been replaced with TACGTC-TACCA(ϩ1). In the mutant construct, a CGTCTA(ϩ1) was recognized at high efficiency to initiate SL RNA transcription. Substitution of the Ϫ1/5 nt region (lanes 2 and 3) completely abolished synthesis of properly initiated SL RNAs. Clearly, replacement of the CTACCA(ϩ1) sequence with GATGGA(ϩ1) abolished Inr t function. In the absence of a wt Inr t in the Ϫ1/5 mutation, cryptic sites, partially generated by the replacement nucleotides, were recognized by the transcription machinery (see Fig. 5 ). Consequently, RNAs initiated at several sites, albeit with decreased efficiency. These initiation sites were as follows: CTAACG(ϩ1), located at ϩ8 (relative to the wt (ϩ1) start site); ATGGAA(ϩ1), located at ϩ2; CCGATG(ϩ1), located at Ϫ2; AGACCG(ϩ1), located at Ϫ5. In the case of the start site utilized with the highest efficiency (the Ϫ5 site; 50% of total RNAs produced) the initiating purine (G, in this case), was preceded by an ACC trinucleotide that is identical to that within the wt Inr t . The consistently best utilized start site in the sub Ϫ1/10 mutation (the ϩ8 site, 45% of total RNA produced; fastest migrating band in lane 2) also functioned with modest efficiency in the Ϫ1/5 mutation (20% of total RNA synthesized; lanes 2 and 3) . This start site is preceded by a CTAACG(ϩ1) sequence that is identical to the wt CTACCA(ϩ1) region except that the Ϫ2 position is an A in place of a C, and the purine that is used as the initiation nucleotide is G in place of A. Thus, conservation of at least three nt within the five nt upstream of the start site is clearly important for Inr t activity. In del-Inr t 2, the nucleotides at positions Ϫ6 and Ϫ7 nt were altered from CC to GA. This alteration had no effect on start site selection (lane 5), nor did this dinucleotide substitution generate a new Inr t sequence. Taken together, these data show that the Inr t is restricted to the five nt adjacent to the initiating purine.
Transcriptional analysis of SL RNA genes in three related trypanosomatids have shown that alterations within the SL RNA sequence had minor effects on both transcription efficiency and start site selection, although these effects were not studied in detail (5, 17, 27) . As an important component of our Inr t studies, we determined directly if the SL RNA sequence must follow the Inr t immediately. Moreover, by the insertion of four nt, we altered the helical face of the SL RNA sequence relative to the upstream promoter. Any protein-DNA recognition that straddled the upstream and intragenic regions would be disrupted in this mutated template. The insertion mutation, add-C4, did not alter start site selection (Fig. 3, lane 6 ). In addition, substitution of the entire coding region with pBS sequences did not change the start site, although efficiency was decreased (data not shown). These results indicate that the downstream component of the Inr t includes only the A(ϩ1) nucleotide. In both the pBS substitution and add-C4 mutations, the five nt (CTACC) upstream from the start site were followed by an A(ϩ1)TC trinucleotide sequence, which is similar but not identical to the wt A(ϩ1)AC sequence. The alteration of the A to T at ϩ2 demonstrates that this invariant A, present in SL RNA sequences across all trypanosomatid species, is not essential for Inr function.
The Tripartite Promoter Requires Discrete Spacing Parameters among the Three Elements-In both prokaryotic and eukaryotic gene promoters, sequence elements function together to interact with the DNA binding domains of one or more proteins to form a stable preinitiation complex. These interactions are often sensitive to the distance placed between each element. To test the spacing constraints within the SL RNA gene promoter, we altered the distance between PBP-1E and PBP-2E (Fig. 4A) by adding or deleting nucleotides. Transcription levels were quantified by PhosphorImager analysis and normalized to the amount of control U6 snRNA transcription which occurred in each reaction (data not shown). Transcription of mutated templates showed that increasing the distance between PBP-1E and PBP-2E by 10 nt consistently decreased the efficiency of transcription ϳ10-fold (lanes 1 and 3) . Clearly, maintaining the two elements on the same side of the DNA helix, which was achieved here by the addition of 10 nt, was insufficient to retain wt activity levels. A decrease in the spacing between PBP-1E and PBP-2E had a less dramatic effect on expression (lane 4, levels decreased ϳ2.5-fold). These data suggest that PBP-1E and PBP-2E function together to impart efficient SL RNA expression.
To identify potential spacing restrictions between the PBP-2E and Inr t regions, we added nucleotides between these two promoter elements (Fig. 4A and see Figs. 1 and 5) . Lanes [5] [6] [7] show that an increase in the distance between the PBP-2E and the Inr t also caused a decrease in transcription efficiency (lane 5, levels decreased ϳ7-fold; lanes 6 and 7, levels decreased ϳ50-fold). As the Inr t was pulled away from the PBP-1E and PBP-2E regions, the wt Inr t was not recognized by the transcriptional machinery. Instead, cryptic Inr t were used for transcription initiation (see Fig. 5 ). Because mutations between any two of the PBP-1E, PBP-2E, and Inr t elements affected transcription, it is clear that SL RNA expression requires that the three elements function as a unit to regulate gene expression.
Because the trypanosome SL RNA gene produces an snRNA that functions in mRNA splicing, it is possible that SL RNA transcription may follow some of the same rules that apply to the transcription of snRNA genes in other eukaryotes (28 -31) . In plants, the spacing between the two basal promoter elements, the USE and TATA box, within the snRNA gene promoters determines whether RNA pol II or III is recruited to the preinitiation complex (32) . To determine if this was the case in trypanosome SL RNA expression, mutated templates that had additional sequences between the PBP-1E and PBP-2E regions, or between the PBP-2E and Inr t regions, were tested for RNA polymerase specificity. Wild type SL RNA gene promoters are ␣-amanitin-sensitive in in vivo studies and thus probably require RNA pol II for transcription. The mutated templates were unaltered in their sensitivity to ␣-amanitin compared with wt (Fig. 4B, lanes 1-10) . Therefore, the transcriptional levels observed in each mutation are not the result of an RNA polymerase switch within the initiation complex.
PBP-1 and PBP-2 Proteins Are Important for SL RNA Transcription in Vitro-The requirement for PBP-1E and PBP-2E to be within 20 nt of each other is consistent with the previous gel mobility shift data in which PBP-1 and PBP-2 were required to form stable complexes at the SL RNA gene promoter (15) . To assess directly the role of PBP-1 and PBP-2 in SL RNA transcription we performed protein sequestration and subsequent add-back experiments using in vitro transcription assays. As expected, mobility shift assays demonstrated that transcriptionally competent nuclear extracts contained PBP-1 and PBP-2 (data not shown). Fig. 6A, lanes 11-13, demonstrates that sequestration of PBP-1 and PBP-2 proteins by the addition of increasing amounts of their cognate binding sites (within a 66-nt DNA fragment) effectively blocked transcription. Similar studies using increasing amounts of either the individual PBP-1 (lanes 8 -10) or PBP-2 (lanes 5-7) binding sites also reduced transcription efficiencies. PBP-2E was less efficient in blocking expression than was PBP-1E, which is consistent with our observation that PBP-2 alone binds DNA poorly (15) . Adding the Inr t region to the transcription reaction stopped transcription from template DNA, suggesting that a trans-acting Inr t -binding protein is being sequestered (Fig. 6, lanes 2-4) . The transcriptional blocks specifically required addition of each of the three SL RNA gene promoter elements in trans because transcription was not affected by the addition of a similar sized, unrelated DNA fragment (lanes 14 -16) .
To confirm the requirement for PBP-1 and PBP-2 in SL RNA transcription, we used a phosphocellulose-fractionated nuclear extract that was transcriptionally competent but differed from the original unfractionated extract in that it contained limiting amounts of PBP-1 and PBP-2. Removal of the remaining PBP-1 and PBP-2 protein using competitor DNA almost completely blocked transcription (Fig. 6B, lane 2) . Transcriptional activity was increased 3-4-fold when highly purified PBP-1 and PBP-2 were added to the reaction (lanes 3 and 4) . Equivalent amounts of bovine serum albumin did not restore activity (lanes 5 and 6) . Restoration of activity was not expected to be greater than severalfold observed because preinitiation complex assembly, using highly enriched protein fractions, is often inefficient in eukaryotic systems. Because PBP-1 and PBP-2 bind to the PBP-1E and PBP-2E elements in gel shift assays and these two proteins stimulate transcription in in vitro transcription assays, it is probable that PBP-1 and PBP-2 function as bona fide transcription factors in regulating SL RNA expression. In bacterial systems, the holo enzyme of RNA polymerases often recognize promoters in the absence of additional proteins in vitro; this is in contrast to yeast and metazoan RNA polymerases. Because trypanosomatids are of an ancient eukaryotic lineage, these data suggest that the recognition of gene promoters by transcription factors in contrast to RNA polymerase itself is an early evolutionary adaptation. DISCUSSION An examination of the SL RNA gene promoters from the trypanosomatids in which the data are available has revealed a highly conserved YTHBYA(ϩ1) motif at the transcriptional start site. In the work presented here, in vitro transcription analysis demonstrated that when the L. seymouri wt CTACCA(ϩ1) sequence was destroyed, cryptic sites functioned as Inr elements. Analysis of these new initiation sites served to highlight the critical regions of the CTACCA(ϩ1) necessary for initiator activity. Conservation of pyrimidine richness, as well as retention of either the CTA trinucleotide or ACC trinucleotide, followed by a purine, was necessary for initiator function. The choice of alternative sites when the wt CTACCA(ϩ1) was mutated or separated from the PBP-2E region provides us with important new information. First, the utilization of sites that insert an AG at positions Ϫ5/4 argues that a CY dinucleotide is not essential for Inr t function. However, the presence of three out of five nt followed by a purine (ACCG(ϩ1) at Ϫ3/ϩ1) in the case where the CY at Ϫ5/4 is absent may be thermodynamically important for DNA unwinding and negate the need for the upstream pyrimidines (see Major sites in Fig. 5) . Second, the Ϫ3 nt position is a T, A, or C in the Inr t of all the known trypanosomatid SL RNA gene sequences. Interestingly, our mutagenesis revealed that an A at Ϫ3 nt contributed to each major start site selected. This argues for potential protein-DNA interactions that are stabilized when an A is present at position Ϫ3 nt. Third, the Ϫ2 nt position was less well conserved in both the Inr t elements identified by mutagenesis and the Inr t elements compiled in the trypanosomatid survey. Finally, the Ϫ1 and ϩ1 nt positions were always YR(ϩ1) in the major start sites and tended toward this dinucleotide motif in the minor start sites. This trend is identical to that found in metazoan Inr elements.
The trypanosome Inr t sequence is functionally analogous to a metazoan Inr element because it serves to direct correct transcription initiation. The metazoan consensus sequence is loosely defined as YYA(ϩ1)NWYY, which is pyrimidine-rich but otherwise distinct from the trypanosome sequence. Recent analysis of the Inr region from a parasitic protozoan even more anciently diverged than trypanosomes, Trichomonas vaginalis, has uncovered an Inr element that contains a highly conserved TCA(ϩ1)YT/A motif (33) . Although the T. vaginilas and trypanosome Inr t elements share a pyrimidine richness with the metazoan Inr, they are distinct from each other.
It is also remarkable that start sites in each case clustered between 22 and 38 nt from the upstream PBP-2E element. The DNA scanning model put forth by Giardina and Lis (34) to explain start site selection by RNA pol II transcription of TATA-containing mRNA coding genes in yeast may be directly relevant to this observation. Specifically, promoter melting, associated with RNA polymerase entry into the preinitiation complex, occurs at a fixed distance downstream from the TATA box. However, in the two genes compared in the study, transcription initiation occurs within a 40-nt window from the TATA boxes in the GAL 10 and GAL 1 gene promoters. To account for this finding, RNA pol II is hypothesized to melt the DNA and locate the start site by downstream scanning of the DNA. This scanning would then detect an Inr sequence within the scanning boundaries and appropriately initiate transcription. The trypanosome data presented here are consistent with an active RNA polymerase-scanning mechanism in these early divergent eukaryotes. Specifically, the introduction of a consensus start sites between the PBP-2E region and the wt Inr (mutants add-Inr t 2, 5, and 10) caused the RNA polymerase to initiate transcripts at nucleotides between the PBP-2E region and the wt Inr t . Moreover, scanning appears to be restricted to a set window distance of 22-38 nt downstream from the PBP-2E region. In the case of Inr t substitution mutations, the loss of the wt Inr t caused initiation to occur only at similar sequences that were within a limited distance from the PBP-2E region, notably between 22 and 38 nt downstream. Strikingly, consensus Inr t sequences, including the wt Inr t , located outside of this ϳ16-nt window failed to be recognized. In the case of the sub Ϫ1/10 template, the wt site was completely nonfunctional, suggesting that it was outside the scanning window of the polymerase complex. Consequently, RNA polymerase located the CTAGCG (ϩ1) element, with limited homology to the CYAC/AYR (ϩ1) consensus but proximal to the PBP-2E region, during its scanning activity. Recent data in a DNA replication system in a prokaryotic organism suggest that the threading of DNA through a protein complex can occur in cells (35) . These data support the mechanism proposed for RNA polymerase scanning for initiation sites within transcriptional promoters.
The SL RNA gene promoter is tripartite, containing three closely spaced elements that all reside within the upstream 85 bp of the intergenic region (5, 7, 17) . Two of these elements interact with sequence-specific DNA-binding proteins. In the case of the two upstream-most elements, two transcription factors have been identified and shown to be necessary for transcription in vitro. Evidence for a third transcription factor, which interacts with the Inr t element, is provided by the sequestration assay (Fig. 6 ). This complex promoter structure and the identification of two (possibly three) cognate protein interactions are significantly different from the much simpler snRNA basal promoters found in other eukaryotic organisms. In the case of snRNA genes in yeast and metazoans, a single proximal sequence element (PSE) element is recognized by a cognate SNAP c protein to nucleate the complex that directs RNA pol II transcription. Although it is still unclear if RNA pol II transcribes the SL RNA, if it does then the SL RNA promoter architecture is remarkably complex for this class of genes.
The presence of the three promoter elements strongly indicates that a preinitiation complex requires multiple protein-DNA contacts. Mutagenesis of the PBP-1E and PBP-2E regions results in a decrease in transcription efficiency, and mutation of the PBP-1E region inhibits the binding of PBP-1 and PBP-2 to DNA as assessed by gel shift analysis (15) . Moreover, sequestration of PBP-1 and PBP-2 from extracts blocks RNA synthesis, and purified proteins restore activity. Therefore, the function of PBP-1E and PBP-2E is to recruit specifically PBP-1 and PBP-2 to the promoter during preinitiation complex formation.
It is most probable that the SL RNA gene is transcribed by RNA pol II, although definitive experiments have not been done. This assignment is based on transcription elongation inhibition studies using ␣-amanitin, in which the inhibition pattern of the SL RNA most closely resembles, but does not overlap, the mRNA inhibition profile. RNA pol II-dependent mRNA gene promoters elude definition in trypanosomatids (14, 17, 18, 27) . The sequence-specific binding of PBP-1 and PBP-2 to two core SL RNA gene promoter elements argues that a subset of RNA pol II genes functions by recruiting specific DNA-binding proteins upstream from a discrete start site. A similar scenario may not occur upstream from mRNA-coding genes, thus explaining the inability to detect discrete start sites for these genes. Accordingly, RNA pol II may be recruited to two very different transcription units, mRNA-expressing genes and the SL RNA, in disparate ways. Similarly, RNA pol II-dependent snRNA and mRNA-coding genes in higher eukaryotes also have unique promoter structures and require different transcription factors.
An Inr element within a SL RNA gene promoter may be unique to trypanosomes among the growing number of identified organisms that contain SL RNA genes. Accurate transcription initiation of the SL RNAs in the nematode Ascaris lumbrocoides requires internal SL RNA sequences but not any specific DNA sequences proximal to the RNA start site (36) . Although clearly defined PSE-like elements have been identified in snRNA and SL RNA genes in Caenorhabditis elegans, it is not yet known which promoter sequences are responsible for proper transcription initiation of SL RNA genes in these organisms (37) .
Uniquely in trypanosomes, the SL RNA is modified extensively into a cap 4 structure via the addition of multiple methyl groups within both the ribose and base moieties. Because every trypanosome SL RNA contains this extensively modified and capped AACU sequence at their 5Ј-end, loss of this sequence due to improper transcription initiation likely prevents the formation of a functional SL RNA. These RNAs likely remain uncapped and turn over rapidly. This phenomenon underscores the importance of an Inr t element in ensuring accurately initiated and thus functional SL RNAs.
